Translucent Makrofol Ò DE 7-2 Alpha particle UV-Vis spectroscopy Direct and indirect band gaps Bulk etch rate a b s t r a c t Translucent Makrofol Ò DE 7-2 polycarbonate samples are thermally-annealed at 200°C for different durations in the air. UV-Vis spectra of the thermally-annealed Makrofol Ò DE 7-2 were measured. The results reveal that the light absorbance by thermally-annealed Makrofol Ò DE 7-2 is significantly minimized which enhances the visualization of the charged particle track registered on it. Both direct and indirect band gaps show pronounced stability over all thermal annealing durations; the same behavior was observed to Urbach's energy and the number of carbon atoms per cluster where no reasonable alteration was observed. The thermally-annealed Makrofol Ò DE 7-2 was irradiated with 3 MeV alpha particles and etched for different durations in 75% 6 N KOH + 25% C 2 H 5 OH at 50°C. Alpha particle track diameter is found to be linearly correlated with the etching time up to 3 h before the Bragg peak. The chemical etching efficiency of alpha particle tracks ranges from 0.22 to 0.26. The current new findings indicate the possibility to improve the optical properties of translucent Makrofol Ò DE 7-2 by a thermal annealing for its utilization in charged particle registration.
Introduction
Translucent Makrofol Ò DE films are a Bisphenol-A based polycarbonate (poly(oxycarbonyloxy-1,4-phenylenedimthlmthylene-1 ,4-phenylene)), which may be used as a solid state nuclear track detector [1] [2] [3] [4] . Fig. 1 depicts the chemical structure of monomer unit of Makrofol Ò DE 7-2 that consists of Bisphenol-A linked to carbonyl group and ether group. The presence of the carbonyl group that is of high susceptibility to radiation damage makes Makrofol Ò DE detector comparable with the CR-39 detector. Makrofol Ò DE types were being originally developed for applications in a daily life such as membrane switches, nameplates, and light diffusers [1] [2] [3] . In the field of radiation detection and dosimetry, Makrofol Ò DE applications include up-to-date alpha particle autoradiography, neutron and alpha radiography, charged particle spectroscopy, astrophysics, nuclear physics, radon-emanation detection, production of micro and sub-micro-filters, and low linear energy transfer radiation dosimetry [3] [4] [5] [6] [7] [8] [9] [10] . There are many types of Makrofol Ò polycarbonate. When applied to nuclear track detection, they include Makrofol Ò DE 1-1, Makrofol Ò N, Makrofol Ò E and Makrofol Ò KG. [11] . Their physical properties vary and, therefore, they respond differently to the radiation according to their manufacturing procedure [11] [12] [13] [14] [15] [16] .
Makrofol Ò DE 7-2 belongs to thermoplastic polycarbonate that is meltable and the heat-induced chain sliding gives rise to a surface morphological modification, changing its roughness [5] . Thermal annealing below glass transition temperature (T g ) of polymer-based solid state nuclear track detectors is applied to erase the background tracks that results in an efficient detector performance [5] . On the other hand, thermal annealing above glass transition temperature of some polymer-based solid state nuclear track detector may result in drastic deterioration of their physical and chemical properties, which results in reasonable reduction of detection efficiency [2] . Consequently, thermal annealing affects the performance of solid state nuclear track detectors and should be investigated and applied carefully [12] [13] [14] [15] .
Translucent Makrofol Ò DE 7-2 is used as a solid state nuclear track detector for low linear energy transfer radiation such as gamma and electron rays. It is based on the measurements of the modifications in their physiochemical properties such as optical, thermal, mechanical and electric properties which are correlated with the absorbed dose of radiation before saturation [3] [4] [5] [6] [7] . In contrast to the most commonly applied solid state nuclear track CR-39 detector, which registers charged particle tracks with high efficiency, pristine Makrofol Ò DE 7-2 is unable to reveal charged particles. This can be attributed to the high roughness of its surface, which deteriorates the visualization of charged particle tracks after the chemical etching [4] . According to the Rose criterion, a signalto-noise ratio (SNR) of at least 5 is required to be able to make a different image features at 100% certainty. Consequently, the roughness of Makrofol Ò DE 7-2 should be reduced to be few microns to visualize the charged particle tracks.
The scope of the current work is to investigate the induced modifications in the optical properties of Makrofol DE 7-2 upon isothermal annealing at 200°C for different durations in air. The change in the direct and indirect optical band gaps as a function of the thermal annealing durations will be reported. The effect of the thermal annealing on Urbach's energy and number of carbon atoms per cluster will be determined and discussed. The possible use of thermally-annealed Makrofol Ò DE 7-2 to register 3 MeV alpha particles in modified Makrofol Ò DE 7-2 will be reported for the first time to the best of our knowledge. Makrofol Ò DE 7-2 sample that annealed for 50 h was used to examine the registration of 3 MeV alpha particles emitted from 241-Am thin source which emits alpha particle of 5.48 MeV. The alpha particle energy was degraded by keeping 3.5 cm distance between 241-Am and Makrofol Ò DE 7-2. The exposure time of thermally annealed Makrofol Ò DE 7-to 3 MeV alpha particles was about 25 s. Alpha particle residual energy is calculated using the following formula [16, 18] 
Here R 0 is the range of the alpha particle of energy 5.48 MeV in air at NTP, and y is the distance between 241-Am alpha particle source and the Makrofol Ò DE 7-2 detector. The Makrofol Ò DE 7-2 samples were chemically etched in 75% 6 N KOH + 25% C 2 H 5 OH at 50 o C for different durations in a water bath of 0.5°C accuracy (Memmert). The thickness decrement of Makrofol Ò DE 7-2 samples was measured by a digital micrometer of 1 lm accuracy, while the mass decrement was measured using a digital balance (SCINTECH ZSA210) of 0.0001 g accuracy. The alpha track diameters were imaged and measured with the aid of an optical microscope (Nikon, ECLIPSE, E200) equipped with Nikon digital camera (DS-Fi1).
Results and discussion
On the thermal annealing in air at 200°C the mass of Makrofol Ò DE 7-2 was constant before and after thermal annealing, irrespective of the thermal annealing time. This, however, indicates that Makrofol Ò DE 7-2 does not degrade under thermal annealing at 200°C for all examined thermal annealing durations. Furthermore, the translucent Makrofol Ò DE 7-2 samples were changed to be transparent without color changing. The thermal annealing of the translucent Makrofol Ò DE 7-2 samples, which are a particular group of thermoplastic polymers, leads to an increase in the mobility of molecules, which results in rearranging the polymer molecules on its surface and the reduction of surface roughness and therefore reduction of light scatter losses [2] .
The optical properties including the optical band gaps and the band structures of thermally-annealed Makrofol Ò DE 7-2 are determined using UV-vis spectroscopy [10] . The absorbance spectra for the pristine and thermally-annealed translucent Makrofol Ò DE 7-2 samples for different durations were measured in the wavelength range of 190-900 nm keeping air as a reference. The UV-Vis spectra of the pristine-and thermally-annealed Makrofol Ò DE 7-2 samples at 200°C for 30 min, 1, 3, 4, 6, 10, 20, 50 and 100 h in air are depicted in Fig. 2 . Two points are noteworthy: there is a slight blue shift for short annealing time until 50 h, whereas there is a slight red shift in the absorbance as the annealing time increases to 100 h. There is a significant improvement in the transparency of translucent Makrofol Ò DE 7-2 even for the very short thermal annealing time of 30 min.
The absorbance at wavelength of 300 and 400 (ultraviolet spectrum), 600, and 700 nm (visible spectrum) of a pristine and thermally-annealed Makrofol Ò DE 7-2 at 200°C as a function of the thermal-annealing time as indicated in Fig. 3 . For all examined thermal annealing durations the absorbance shows a sharp decrease even for very low thermal annealing time of 30 min which gives rise to increase the transparency of Makrofol Ò DE 7-2 irrespective of the thermal annealing time. For example, in the visible light spectrum, the absorbance decreases from 0.937 to 0.174 at 400 nm, 0.889 to 0.139 at 600 nm, and 0.878 to 0.129 at 700 nm, all indicate a significant improvement in the transparency of Makrofol Ò DE 7-2. For the extended annealing the absorbance increases slightly but still much lower than that of pristine Makrofol Ò DE 7-2. This shows that the thermal annealing of Makrofol Ò DE 7-2 improves its transparency making it capable to register charged particles such as alpha particle. The optical absorption coefficient of a material is correlated with energy of the incident electromagnetic radiation. The optical absorption coefficient (a) for polycarbonate can be expressed in terms of absorbance Abs(h), measured by UV-VIS spectrophotometer, and the polycarbonate film thickness t measured in units cm by [19] :
Meanwhile, the optical band gap (Eg) of the polycarbonate is correlated with optical absorption coefficient (a) and the photon energy by the following formula
where m characterizes the transition process in the K-space, which can assume the values 0.5, 1.5, 2, and 3 for direct allowed, direct forbidden, indirect allowed, and indirect forbidden, respectively [19] . However, the direct and indirect band gap energies are evaluated by plotting (ahm) 2 as shown in Fig. 4 and (ahm) 0.5 against the photon energy (hm) as illustrated in Fig. 5 . Considering the linear part of the fundamental absorption edge of the UV-Vis spectra, the best fit lines were employed to determine the energy axis. The values of the direct and indirect bands are summarized in Table 1 with their standard errors. Some characteristic aspects regarding the direct and indirect band gaps could be obtained from Table 1 ; these are:
(1) observation of the coexistence of direct and indirect band gaps in thermal annealed Makrofol Ò DE 7-2, (2) the direct band gap is higher than the corresponding indirect band gap for thermal annealed Makrofol Ò DE 7-2, and (3) there was an insignificant change in both direct and indirect band gaps whatever the thermal annealing time at 200°C, which suggested that there is no change in chemical structure Makrofol Ò DE 7-2. The energy gap Eg stability points to the stability between the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) energy states. Urbach's energy E u , which is corresponding to the localized state width in the optical band gap, is related to the absorption coefficient and photon energy by the following equation [20] : [14] , the number of the carbon atoms, M, per cluster is calculated using the following equation
The values of carbon atoms per cluster in the pristine and thermally-annealed Makrofol Ò DE 7-2 are summarized in Table 1 for direct and indirect band gaps. The number of carbon atoms per cluster for direct band gap is almost constant either for pristine or thermally-annealed Makrofol Ò DE 7-2, which amounts to 64 ± 1. Meanwhile, the number of carbon atoms per cluster for indirect band gap is decreasing from 70 for pristine to 65 for thermallyannealed Makrofol Ò DE 7-2 at 200°C for 100 h that is corresponding to 7.1%. However, according to the results summarized in Table 1 , the thermally-annealed Makrofol Ò DE 7-2 detector is stable against thermal annealing at 200°C even for 100 h.
Registration of 3 Mev alpha particles with thermal-annealed MAKROFOL Ò DE 7-2
A crucial aspect of solid state nuclear track detectors is their transparency; therefore reducing the roughness is an important aspect of translucent Makrofol Ò DE 7-2 to be used as a SSNTD to register alpha particles [21] [22] [23] [24] . Translucent Makrofol Ò DE 7-2 samples that thermally-annealed for 50 h, that was changed to be transparent, were irradiated with 3 MeV alpha particles in air at NTP for different durations. The Makrofol Ò DE 7-2 samples were chemically etched in 75% 6 N KOH + 25% C 2 H 5 OH at 50°C, for different durations. The alpha track diameters were measured with the aid of an optical microscope with a magnification of 600Â. The bulk etch rate (V B ), which is the etching rate of the undamaged zone of the Makrofol Ò DE 7-2 surface, is determined by thickness decrement method using the following equation
Here, d is the thickness decrement of the Makrofol Ò DE 7-2 detector as a result of chemical etching, t e is the etching time measured in hour. The bulk etch rate of Makrofol Ò DE 7-2 etched in 75% 6 N KOH + 25% C 2 H 5 OH at 50°C is 4.17 lm/h. The significant source of the bulk etch rate uncertainty is the detector thickness decrement after the chemical etching, meanwhile the contribution of the etching time is insignificant since the etching time uncertainty that of order of some seconds that is negligible compared to the etching time that of order of some hours. The uncertainty in the bulk etch rate (V B ) is given by
According to the successive and repeated measurements the uncertainties of the bulk etch rate amounts to 0.05 lm/h. The removal thickness of the Makrofol Ò DE 7-2 detector surface by chemical etching is given by h = V B t e . The range of 3 MeV alpha particles is calculated by Srim to be 15.24 lm [25, 26] . The etching efficiency, which is defined as the fraction of alpha particle tracks intersecting a given surface at well determined etching conditions, for a track of an alpha particle incident at a 90 is calculated by the expression [2] 
where V t is the track etch rate that should be greater than V B to form the alpha tracks in solid state nuclear track detector, which governs the track development within any solid state nuclear track detector. The etching efficiency uncertainty is expressed in terms of removal thickness h and alpha particle track radius r as follow,
The uncertainties of the etching efficiency are varying from 0.03 to 0.12. [24] . It is noteworthy to mention that the post thermal annealing of BPA-based polycarbonate detector such as Makrofol Ò DE 7-2 will result in the reduction in the track density and etching efficiency but it will increase track homogeneity [5, 24] . Fig. 9 illustrates the efficiency dependence on the removal thickness of 3 MeV alpha particles in a thermally-annealed Makrofol Ò DE 7-2 detector. The alpha particle track etching efficiency increases slightly at a removal thickness of greater than 15 lm to 20.9 lm. This can be explained by the energy deposition at the end the particle track range, where the Bragg peak of energy loss occurs immediately before the alpha particle comes to rest as shown in the rate of energy loss as a function of the depth in Makrofol Ò DE 7-2 detector [25, 26] . However, the effect of post thermal annealing on the registration efficiency of charged particles in thermoplastic solid state nuclear track detectors such as Makrofol Ò DE is discovered to reduce the detection efficiency [24] . On the other hand, the pre-thermal annealing shows some improvements such as background reduction and increasing the detection efficiency of Makrofol Ò DE 7-2. However, a deep investigation should be conducted to determine the effect of the thermal annealing temperature and the duration on the performance of Makrofol Ò DE as solid state nuclear track detector.
Conclusion
Throughout the present work, the effect of the isothermal annealing at 200°C for different durations on the optical properties of translucent Makrofol Ò DE 7-2 (Bisphenol-A polycarbonate) is characterized, furthermore, the registration of 3 MeV alpha particles by thermal-annealed Makrofol Ò DE 7-2 has been investigated. The transparency of translucent Makrofol Ò DE 7-2 is significantly improved by thermal annealing even for very short thermal annealing time. The direct and indirect band gaps show dominant stability over all thermal annealing durations. The same behavior was observed to Urbach's energy and the number of carbon atoms per cluster. The thermally-annealed Makrofol De 7-2 was irradiated with 3 MeV alpha particles and etched for different durations in 75% 6N KOH + 25% C 2 H 5 OH at 50°C. Alpha particle track diameter is found to be linearly correlated with etching time in thermalannealed Makrofol Ò DE 7-2. The chemical etching efficiency of 3 MeV alpha particle tracks is varying from 0.22 to 0.26. The current new findings indicate the likelihood of improving the optical properties of translucent Makrofol Ò DE 7-2 by thermal annealing for the utilization in charged particle detection.
